Abstract A novel tissue engineered construct was used to engineer skeletal muscle tissue for reconstruction of abdominal wall defects, which is a common challenge to surgeons, due to insufficient autogenous tissue. Myoblasts were isolated from soleus muscle fibers, seeded onto the scaffold and cultivated in vitro for 5 days. Full-thickness abdominal wall defects (3 x 4 cm) were created in 18 male New Zealand white rabbits and randomly divided into two equal groups (n=9 each). The defects of the first group were repaired with myoblast seeded bovine pericardium (treatment group) whereas the second group involved non-seeded bovine pericardium (control group). Three animals were sacrificed at 7, 14, and 30 days post-implantation from each group and the explanted specimens were subjected to macroscopic, light, fluorescence and electron microscopic analysis. In each case, the tissue engineered construct was thicker from deposition of newly formed collagen with neo-vascularisation, than the control group. Most importantly, multinucleated myotubes and myofibers were only detected in the treatment group. Therefore, this study demonstrates that myoblast-seeded bovine pericardium construct can provide a structural replacement for severe and large abdominal wall defects with profound regeneration of skeletal muscle tissues.
Introduction
Large abdominal wall defects arising from trauma, tumor ablation and various muscle diseases can result in the loss of skeletal muscle tissue, which ultimately causes major impairments to the functionality of the body and also confronts the surgeon with the problem of having insufficient autogenous tissue for adequate abdominal closure and hence, the use of biomaterials as a scaffold [1] [2] is unavoidable. The use of collagen-based biomaterials for the repair of abdominal wall defects is gaining increased recognition as achieving a tension-free repair that results in a significant reduction of post-operative pain, reduced recovery period and recurrence rates [3] . The ideal biomaterials for abdominal wall repair should possess adequate strength, no hypersensitivity reactions and biocompatibility to facilitate tissue ingrowths, which may help long term maintenance of mechanical strength [1] .
This study used lyophilized bovine pericardium (BP), which is an offal collagen based resorbable biomaterial derived from the extracellular matrix of the outermost layer covering the heart of cattle. In most research, it is indicated that this collagen-based biomaterial is mainly used to repair abdominal wall defects. However, as it fails to be replaced by skeletal muscle tissue and lacks strength over time, there is a growing concern for clinical applications [2, 4, 5] . To this effect, free muscle transfer from local or distant sites is commonly employed for the surgical repair of muscle-tissue defects, but this practice is frequently associated with significant donor-site morbidity [6] . Therefore, optimal muscle regeneration may require the use of a novel technology, like tissue engineering, in order to alleviate the problem. In the most frequent paradigm, cells are seeded on to a scaffold composed of a synthetic polymer or a collagen-based natural material, tissue is matured in vitro, and the construct is implanted in the appropriate anatomical location as a prosthesis [7] [8] [9] . One strategy for muscle tissue engineering involves the harvesting of satellite cells, their expansion in vitro and subsequent implantation in vivo into the sites requiring repair.
Our previous study has proved that seeding of myoblasts onto collagen-based bovine tunica vaginalis results in successful regeneration of skeletal muscle [10] . In light of these considerations, it seems worthwhile to ascertain whether a better result can be achieved by the use of myoblastseeded bovine pericardium for the repair of abdominal wall defects. Thus, our objective was to engineer skeletal muscle tissue for the reconstruction of abdominal wall defects in a rabbit model.
Materials and methods
Animals One 5-day old New Zealand white rabbit served as donor of myoblasts and eighteen adult rabbits served as the recipients of implantation. All the experiments were performed in compliance with the principles and guides to the ethical use of laboratory animals approved by University Putra Malaysia, Faculty of Veterinary Medicine's Animal Care and Use Committee.
Scaffold Preparation Lyophilized bovine pericardium was prepared according to the method described by Ayele et al. [10] .
Myoblast Harvest and Isolation
Skeletal muscle tissue was obtained from the soleus muscles fibers of one 5-day-old rabbit and placed in a Petri-dish containing phosphate buffered saline (PBS) and minced with razor blades. 2ml of Collagenase / dispase / CaCl 2 solution per gram of tissue was added and mincing continued for 2 minutes. The minced tissues were transferred to sterile tubes, incubated at 37°C for 20 minutes until the mixture became a fine slurry and filtered through a piece of 80µm nylon mesh in a sterile funnel to remove large pieces of tissue. The cells were centrifuged for 10 minutes at 1000rpm, the pellets were re-suspended in F-10-based primary myoblast growth medium (Ham's F-10 nutrient, 20% Fetal bovine serum, 25 µg/ml basic fibroblast growth factor and 1% 100 x penicillin/streptomycin) and plated in 75cm 2 tissue culture flasks (Greiner bio-one, Germany) and finally incubated in a 37°C, 5% CO 2 incubator, where the medium was changed every 2 days. When the cells were ready to be split, PBS was used to isolate myoblasts from fibroblasts. The medium was then changed to F-10/DMEM-based primary myoblast growth medium (Ham's F-10 nutrient, Dulbeccos Modified Eagle Medium (DMEM), 20% Fetal Bovine Serum, 25µg/ml basic fibroblast growth factor and 1% 100 x penicillin/streptomycin) and changed every 3 days until the required amount of myoblast cells was obtained. It took only three weeks to harvest the pure myoblasts using this modified cell culture technique [11, 12] .
Immunocytochemistry
Purity of the harvested myoblast was determined by an immunocytochemical analysis (desmin staining). Briefly, myoblasts were fixed with 2% paraformaldehyde, washed, and permeabilized using 0.2% Triton X-100 for 10 minutes. All further incubations were carried out at room temperature and an initial blocking step was performed with a solution consisting of 2% horse serum and 1% bovine serum albumin/PBS to block non-specific antibody binding and the cells were incubated with the primary antibody for 1 hour. The primary antibody was mouse monoclonal antibody against desmin (mAb DE-U-10, ab6322, Abcam, UK) used at a 1:400 dilution in 1% bovine serum albumin/PBS. The cells were washed three times with PBS and incubated for 30 minutes at room temperature in the dark with the FITC-secondary antibody, which was a Fluorescein isothiocyanate-conjugated antimouse IgG (goat polygclonal to Mouse IgG, ab6785 Abcam, UK) diluted 1:100 in 1% bovine serum albumin/PBS. The negative controls were carried out by similarly treating myoblasts but omitting primary antibodies. The percentages of myogenic cells were determined by flow cytometry (BD Biosciences, USA).
Labeling of Myoblasts
Myoblasts were labelled with PKH26 red fluorescent dye (Sigma, USA) according to the manufacturer's instructions. In brief: myoblasts were washed with culture medium without serum and centrifuged. 1000 µl of Diluent C (Sigma, USA) were subsequently added to the cell suspension. 4µl of the PKH dye were then added to 996µl of Diluent C to make 1ml of 4 x 10 -6 Molar PKH26 dye. Immediately 1ml of cells were mixed with 1ml of PKH 26 dye and incubated for 5 minutes at room temperature, then 2ml of serum was added to stop further dye incorporation. The cell suspension was washed and centrifuged three times using complete cell culture medium.
Myoblast Seeding Protocol
The 3 x 4 cm sized sterilized scaffolds were placed on petri dishes and pre-wetted with culture medium and placed into a 37 o C / 5% CO 2 incubator for 2 hours prior seeding of cells, and scaffolds were blot-dried and transferred to new petri dishes. PKH26 labelled myoblasts were suspended in a growth medium at a density of 1.0 × 10 7 cells/ml and subsequently, the scaffold were seeded with myoblasts at a density of 1.0 × 10 7 cells / scaffold and left for 30 minutes to allow their full attachment to the scaffolds, and then F-10/DMEM-based primary myoblast growth medium was added. The following day, the culture medium switched to a fusion medium (Dulbeccos Modified Eagle Medium (DMEM), 5% Horse serum, and 1% 100 x penicillin/streptomycin) and changed every 2 days. Cultivation was conducted up to day 5. In vitro cell morphology and growth on the scaffolds was studied at day 1, 3,and 5 post seeding using Scanning Electron microscopy (SEM).
Surgical Procedure
The study was conducted on eighteen clinically healthy New Zealand White Rabbits. The animals were randomly divided into two equal groups (I and II). The animals were withheld food and water for 6 hours prior to their operations and anesthetized by an intramuscular injection mixture of 35mg/kg Ketamine hydrochloride (TROY, Australia) and 5mg/Kg of Xylazine hydrochloride (TROY, Australia). The anaesthesia was maintained with 1% per minute Isoflurane throughout the entire procedure. The animals were secured in a dorsal recumbency, the abdominal wall was shaved and washed using 4% chlorhexidine (Pharmaniaga, Malaysia), scrubbed with povidone-iodine solution (Fig. 1a) and draped around the operation site. A 6cm long mid-ventral skin incision was made (Fig.1b) and a 3×4 cm abdominal wall defect at the mid-ventral abdominal region was created (Fig.1c) .
In group I, the defect was repaired with a myoblast-seeded bovine pericardium scaffold (treatment group) and in group II, the defect was repaired with a non-seeded bovine pericardium scaffold (control group). The implants were placed in direct contact with visceral organs and subcutaneous tissue, and sutured to the edges of the defect with a simple continuous suture pattern using 3-0 silk (DemeTECH, USA) suture material, except at the corners where an interrupted suture pattern was applied (Fig.1d) . The skin was apposed over the operated area in all operated rabbits and sutured with intra-dermal continuous pattern using 3-0 silk (DemeTECH, USA) to avoid selfmutilation of the suture (Fig.1e) . Post-operatively, the operated rabbits were kept in individual cages after they recovered from the general anaesthesia (Fig.1f) . Analgesia, in the form of Tramadol hydrochloride at a rate of 4mg/kg (UNICHEM, India) was given intramuscularly once a day for three days. Streptopenicillin at a rate of 100 mg/kg was also administered intramuscularly for 5 days in all animals. Post-operative follow up was carried out daily till the end of the experiment. Three rabbits from each group were sacrificed at 7, 14, and 30 days post-implantation, using an intra-cardial injection of sodium pentobarbital (CEVA, France) at rate of 100 mg/kg, in order to assess the integration of the implants within the recipient tissue, formation of neoperitoneum and skeletal muscle tissue. 
Macroscopic Analysis
The abdominal wall defect areas were examined carefully for postoperative healing complications and to estimate the degree of adhesion formation between the implant and the abdominal viscera. The skin covering the abdominal wall was gently detached and cut off. The abdominal wall, including the operated area, was cut, lifted and examined carefully on both inner and outer surfaces for the development of new peritoneum, vasculature, connective tissue, muscle tissue and for the detection of healing complications such as infection, hernia, fistula, adhesion, seroma, implant shrinkage and graft loss. The adhesion strength was evaluated and graded on the basis of consistency according to the scoring system as described in Table 1 [13] [14] [15] . 
Microscopic Analysis
Light Microscopy Analysis The specimens collected from operated area at 7, 14, and 30 days post-implantation were fixed in 10% formalin for 24 hours. The specimens were dehydrated in ascending grades of ethanol, cleared in xylene, embedded and blocked in paraffin wax. The specimens were then cut into 4µm thick sections by a rotatory microtome (Leica 2045, Germany). The sections were stained with haematoxylin and eosin for general histology and with Masson's trichrome in order to highlight collagenous and muscle tissue. The stained sections were examined under light microscope (Olympus BX51, Japan).
Fluorescence Microscopy Analysis
The specimens were fixed in 4% paraformaldehyde and mounted in O.C.T. compound (Merck, UK). The samples were then snap frozen in liquid nitrogen before cutting into 10µm thick sections. A cryostat used for fluorescence microscopy was used to demonstrate the existence of the implanted myoblasts. Additionally, sections were stained with 1000 × dilution of 10mg ml −1 (stock solution) 4′, 6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Sigma, USA) to show the presence of several nuclei in fused myoblasts. The sections were then mounted with cover slips using aqueous fluorescence mounting media (Merck, USA) and viewed under a fluorescence microscope (Olympus BX51, Japan) with the aid of image analyzer.
Scanning Electron Microscopy Analysis SEM was used to examine the general morphology of the myoblast-seeded and non-seeded scaffolds. The specimens were affixed to a metal SEM aluminium Stub, sputter coated with gold using SEM coating unit (E 5100 Polaron, England) and viewed by Scanning Electron Microscope (LEO 1455 VPSEM attached with OXFORD INCA ENERGY 300 EDX, UK) at accelerating voltage of 20-30kv.
Statistical Analysis
Mann-Whitney U-test was used to compare adhesion scores between treatment and control groups; P < 0.05 was considered to be significant.
Results

Scaffolds Preparation and Myoblast Isolation
Bovine pericardium scaffolds were successfully prepared and its acellularity has been confirmed using H & E staining. In fact, acellular matrices do not elicit rejection responses and could be employed as promising tissue substitutes [16, 17] . Myoblasts were successfully isolated from soleus muscle, digested mechanically as well as enzymatically and cultured as described earlier. During the initial stages of culture, the myoblasts showed a rounded morphology. After 24 hours, the cells attached to the culture surfaces and spindle-shaped cells started to sprout out from isolated muscle fibers and proliferate. It took only three weeks to harvest the ideal number of pure myoblasts and to get rid of the fibroblast cells.
Immunocytochemistry and Flow Cytometry
Based on immunocytochemistry and flow cytometric analysis, more than 97% of the isolated skeletal muscle cells have showed a myogenic phenotype. The remaining cells had a fibroblastic appearance (desmin negative). It took about 3 weeks to achieve ideal cell numbers for further seeding.
Clinical Observations Clinically, mortality was not recorded either during the surgical procedure or post implantation. The surgical wounds appeared healthy throughout the period of observation in both groups. However, the operated rabbits in both groups appeared dull, depressed and partially anorexic for 1-2 days after surgery. Food and water intake normalized by day 2-3 after surgery.
Macroscopic Analysis
The implants were easily identified from the rest of abdominal wall of the rabbits in both the treatment and control groups due to the presence of black coloured, nonabsorbable suture materials. The implants were well tolerated by the recipient animals, with no episodes of rejection, infection, seroma, or signs of herniation. Neither the treatment or the control group have showed fluid leakage through the implanted scaffolds. The host-graft junctions in treatment group were clearly filled with white fibrous tissue, and were relatively firmer and more intact than control group.
The peritoneal surfaces of the implanted grafts in the treatment group were completely covered by newly developed white fibrous connective and fatty tissues. The neo-peritoneum had a smooth and shiny appearance (Fig. 2a) , which was later on accompanied by numerous fine new blood vessels (Fig. 2c) . However, in the control group, the peritoneal surface was poorly developed and appeared irregular, as a result of excess accumulation of fibrous tissue due to mild adhesion (Fig.  2b,d ). On day 30, the peritoneal surfaces of the implanted grafts in treatment group were completely covered by newly formed neo-peritoneum, overwhelmed with blood vessels, and the fatty tissue was completely resorbed (Fig. 2e) . In the control group, despite the newly developed white fibrous tissue and neo-peritoneum with very few blood vessels, the implanted grafts appeared transparent and insufficient to bear the weight and the pressure of abdominal viscera. The constructed area showed pouching and had a distended appearance (Fig. 2f) . Neither the treatment or control groups showed signs of hernia.
Results concerning adhesions of the graft in both treatment and control groups are shown in Table 2 . Adhesions were not found between the myoblast-seeded implant and the abdominal viscera at each time-point and thus, the adhesion degree was 0 in all cases. In the control group, a single minor type of adhesion was recorded at 7, 14 and 30 days post-implantation. Caecum was the only organ found to be adhered with the implanted tissue (Fig. 3) . Based on Mann-Whitney Test, P = 1, Since P > 0.05, there was no statistical significant difference in adhesion formation between treatment and control groups. 
Microscopic Analysis
Light microscopy analysis The histological analysis of myoblast-seeded scaffolds at 7 days post-implantation shows a small presence of blood cells mainly neutrophils and macrophages, some fibroblasts, and neo-capillary vessels with well a developed neo-peritoneum (Fig. 3a) . The control group on the same day showed a very thin neo-peritoneum (Fig. 3b) . At 14 days, there was a marked presence of fibroblasts, collagen fibers with neovascularisation and newly formed young muscle in the treatment group (Fig. 3c) . At 30 days, the implant fibrous tissue was replaced by a reparative tissue consisting of a neo-formed mesothelium with a slight inflammatory reaction, with an abundance of newly formed blood vessels and skeletal muscle tissue (Fig. 3e) . However, the control group showed collagen fibers with few neovascularisations and no muscle fibers at all time-points (Fig. 3d,f) . Fluorescence microscopy analysis For the treatment group on day 7 post-implantation, fluorescence microscopic analysis showed that an aggregation of red-PKH26-labeled myoblasts were found on the implanted graft, that is the initial stage of cells fusion (Fig. 4a) . On day 14, myotubes were clearly detected (Fig. 4b) . On day 30, double-fluorescence microphotography clearly demonstrated that well developed red-PKH26-labeled myofibers were found on the myoblast-seeded graft (Fig. 4c) . For the control group, the implants did not contain structures similar to those constructs in treatment group. Neither single myoblasts nor fluorescent spots were detected. Scanning electron microscopy analysis SEM microphotographs of in vitro findings demonstrated that bovine pericardium scaffolds were able to support myoblast growth and differentiation, which was evidenced by a few myoblasts beginning to cover the scaffold surface and fusing into myotubes within 24 hours. At day 3 post-seeding, the myoblasts continue to fuse and form a series of uniformly arrayed myotubes (Fig. 5a) . At day 5 post-seeding, densely packed myotubes with morphology reflecting myofibers was also observed (Fig. 5b) . SEM analysis of the explanted myoblast-seeded graft at day 7 post-implantation showed more infiltration of spherical shape inflammatory cells with scattered polygonal and spindle shaped cells on the peritoneal surface than control group indicating the beginning of mesotheliazation (Fig.  6a,b) . On day 14, only the treatment group showed well organized mesotheliazation with polygonal shapes of cells covering all over peritoneal surfaces (Fig. 6c) which later on became smooth and ciliated surface (Fig. 6e) . In the control group, the peritoneal surfaces were filled with irregularly arranged fibrous tissue with few mesothelial cells (Fig. 6d,f) .
TREATMENT CONTROL
Discussion
Biomaterials provide mechanical stability to the construct in the short term and serve as a template for the three-dimensional organization of the developing tissue [18] . Therefore a critical step in skeletal muscle-tissue engineering is the identification of the optimal biomaterial scaffold, able to promote normal differentiation and maturation of myoblasts into myotubes and myofibers. Currently, several kinds of naturally derived biomaterials scaffolds, such as porcine small intestinal submucosa [19] and acellular dermal matrix [20] have been employed to repair abdominal wall defects in experimental animal models. Similarly, in this study, bovine pericardium which is a nonedible bovine offal, was used to obtain a cheap and cost effective acellular collagen-based biomaterial. It also has tremendous potential for not eliciting rejection responses in vivo [2] .
The harvested myoblasts from the primary cell culture were obtained using enzymatic digestion from soleus muscle fibers. Using desmin immunocytochemistry and flow cytometric analysis more than 97% of the isolated skeletal myoblast have showed a myogenic phenotype. The technique appears to give better results than previously used methods to isolate myoblast cells [1] ; where approximately 80% of the isolated skeletal muscle cells had a myogenic phenotype in desmin immunocytochemistry analysis.
Clinically, dullness, depression and partial anorexia in the immediate postoperative period was attributed to surgical trauma and inflammation at the site of reconstruction. Most importantly, mortality was not recorded either during surgical process or post-implantation which may be due to satisfactory anaesthetic techniques and thereby leading the animal to well tolerate to the procedure [20] .
Macroscopic analysis suggests that the vascular change at reconstructive site is a normal body response to injury. It is an attempt to increase resorption, the removal of clots and debris from the wound site and helping to lay down new fibrous tissue [21] . Although a variable degree of angiogenesis of the scaffolds was a common feature of the treatment and control groups, overwhelming neo-angiogenesis was recorded in the treatment group which might be attributed by seeding of myoblasts. At day 30 post-implantation, the control group has showed thinning and fascial weakness, evidenced by pouching and the distended appearance of the abdominal wall. None of the treatment group has showed a similar appearance rather, various degrees of tissue regeneration were noticed, evidenced by graft opacity due of the overwhelming amount of blood vessels, fatty tissues, fibrous tissue and neo-peritoneum. Reports had proven that scaffolds covered with cells had better mechanical properties than acellular/non-seeded scaffolds in body wall repair using small intestinal submucosa seeded with cells [1] . Moreover, acellular collagen-based matricies alone may be an in-sufficient scaffold for abdominal wall reconstruction [22] . In the present study, an absence of adhesion was noticed in treatment group which is perhaps elucidated by early mesotheliazation or peritoniazation of the graft. However, in control group, mild types of adhesion were recorded which could be explained by the delay of mesotheliazation. Despite the presence of mild type of adhesion in control group, our data suggests that there was no significant difference in adhesion between the treatment and control groups.
Microscopic analysis indicates the inflammatory responses in both the treatment and control groups of animals were significantly high during the first week. It was indeed an immediate response initiated by the surgical trauma in which the abdominal wall defects were created, which perhaps correlates with the inflammatory phase of the defects. A similar observation has been reported by many researchers [2, 13, 23, 24] . This study has also revealed that the inflammatory process gradually decreased in every advancing period in both treatment and control group of bovine pericardium scaffolds. This finding suggests that the processing method to produce fibrocollagenous scaffolds is better in removing the antigenic proteins and maintaining graft integrity. It might also be associated with early degradation and resorption of the implant. Moreover, absences of foreign body giant cells were also noted in both treatment and control group. This could suggest the biocompatibility of the scaffolds with the host tissue.
Fluorescence microscopy has confirmed that the presence of PKH26 labelled myoblasts throughout the study periods. Engineering of multinucleated myotubes which later differentiated into mature striated muscle fibers and their existence up to the end of the study period shows the superiority of this study to the previously reported case [25] where a failure of muscle regeneration was noticed. However, a comparable result has been also reported in the successful regeneration of skeletal muscle [26, 27] . Neither PKH26 labelled myoblasts or even a single skeletal muscle tissue has been detected in the control group, meaning that all the skeletal muscle tissue obtained in the treatment group have originated from seeding and not from host tissue.
Conclusions
Biomaterial-myoblast-constructs can be successfully implanted for reconstruction of abdominal wall defects which profoundly results in regeneration of skeletal muscle tissue. This novel finding suggests seeding of myoblasts to the scaffold may be a viable alternative in order to engineer skeletal muscle tissue for body replacement and remodeling.
